For normal brain function, the extracellular level of glutamate (Glu) must be maintained at low levels to avoid inappropriate stimulation of Glu receptors and to prevent excitotoxic effects (McBean and Roberts, 1984; Garthwaite et al.. lY92 ). Although it is generally agreed that Glu transporters occur in glial (Danbolt et al., 1992; Storck et al.. 1992) as well as in neuronal (Kanai and Hediger, 1992; Gundersen et al., 1993; Kanai et al., 1994) plasma membranes, the relative importance of the glial and neuronal transport in maintaining the extracellular glutamate level is as yet unclear. This issue is central IO understanding the pathophysiology of disease states in which Glu excitotoxicity plays a role.
Several studies have attempted to localize excitatory amino acid uptake by incubating acutely prepared slices of mammalian brain (Storm-Mathisen and Iversen, 1979; Wilkin et al., 1982; Taxt and Storm-Mathisen, 1984; Garthwaite and Garthwaite, 1985; Gundersen et al., 1993) . However, it is unclear to what an extent transport in a slice preparation reflects that in the intact brain. In slice preparations, the glial processes and the extracellular space show volume changes, which distort the spatial relationships between glial and neuronal elements and make interpretation difficult. Furthermore, most previous studies have relied on autoradiographic localization of the transported substrate. The anatomical resolution of this method is limited, as the track length of the P-particles emitted from the radiolabeled tracer is in the order of several micrometers.
Analysis of the role of glial and neuronal elements in the uptake of glutamate and other excitatory amino acids will require both a preparation in which the synaptic structure is preserved and a method to localize the uptake activity with a high anatomical resolution. The present study uses the lamprey spinal cord as a model to localize the uptake of r)-aspartate (D-Asp), a metabolically inert substrate of plasma membrane Glu/Asp transporters (Davies and Johnston, 1976) . (All known Glu transporters, whether glial or neuronal, carry D-and L-Asp as well as L-Glu (Kanai and Hediger, 1992; Pines et al.. 1992; Storck et al., 1992) .) To detect D-Asp in the fixed tissue, an antiserum toward fixation products of D-Asp (Gundersen et al., 1993 : Zhang et al., 1993 was used with the postembedding immunogold technique, which gives a highly specitic signal with a resolution of about 20-25 nm (Ottersen, 1989) .
The avascular lamprey spinal cord is well suited for this type of analysis, as it can be maintained under irr \?rro conditions for about 2 d with preserved physiological and morphological characteristics (for review, see Brodin and Grillner, 1990) . This preparation also provides the opportunity to compare the uptake in different types of glutamatergic synapse with distinct properties. The test sections were exposed to the antisera on one side, along with the ultrathin tissue sections presented in Figure 9 . All antisera were preabsorbed with soluble glutaraldehyde/formaldehyde complexes of various amino acids (see Materials and Methods). The conjugates were prepared by coupling D-Asp, L-Asp, L-Cm, Tau, GABA, Cly, L-Gln, L-Asn, L-Cys, and L-homocysteic acid (only the former five shown here; compare Fig. 4 , inset) to brain macromolecules by glutaraldehyde or glutaraldehyde/formaldehyde before freeze drying and embedding in epoxy resin. In order to obtain a high sensitivity to cross-reactivities, the conjugates contained high (about 100 mmol/l) final concentrations of amino acids. The antisera selectively labeled the conjugate containing the amino acid used for immunization. none, no amino acids in reaction mixture.
fire in brief bursts to mediate steering and escape commands (cf. Brodin and Grillner, 1990) . The dorsal column contains another group of glutamatergic axons, of which most exhibit a tonic firing at high rate (Christenson et al., 1987a,b) . In both types of axon, the clusters of synaptic vesicles are distinctly separated Figure 5 , the curve with Jilled circles is from the experiment shown in Figure 7 . Each point gives the mean density of gold particles + SEM calculated over conjugates in four to five electron micrographs. Background labeling over empty resin (0.3-0.5 particles/pm*) was subtracted. The graded conjugates were made from slabs of gelatin containing human serum albumin, which were equilibrated with different concentrations of D-Asp before fixation with glutaraldehyde/formaIdehyde and embedding in Durcupan. The concentrations of D-Asp in the slabs after fixation were determined from tracer D-'H-Asp.
from the surrounding axoplasmic matrix, which makes it possible to examine the handling of D-Asp subsequent to its uptake through the plasma membrane. In particular, whether D-Asp can accumulate in synaptic vesicles in the intact synapse (cf. isolated synaptic vesicles, Naito and Ueda, 1983), as indicated by its rapid axonal transport (Brodin et al., 1989 ) is of direct relevance to the transmitter status of Asp.
Materials and Methods
The Gundersen, unpublished observations), the cut ends were blotted with filter paper and covered with Vaseline prior to incubation to avoid possible leakage of exogenous D-Asp. In one experiment, the specimens were incubated at 500 FM D-Asp for 10 hr before electrical stimulation of the spinal axons with bipolar electrodes at 20 Hz for 15 min (see Wickelgren et al., 1985) . To obtain a selective stimulation of the axons on one side, the spinal cord was hemisected just caudal to the stimulating electrode. The efficiency of the stimulation was monitored by recording the spike volleys in the caudal end of the preparation. The period of stimulation was followed by a period of rest for 30 min before fixation. Throughout the experiment 500 FM D-Asp was present in the bathing solution. Fixation and immunocytochemical procedures. The spinal cords were fixed in a solution of 2.5% glutaraldehyde and 1% formaldehyde in 0. I M sodium phosphate buffer (pH 7.4), and kept overnight in 0.25% glutaraldehyde and 0.1% formaldehyde in the same buffer at 4°C. Three to four segments from the middle part of the preparation were cut out for further analysis. Previous experiments have shown that postfixation in 0~0, gives a poor visualization of o-aspartate-like immunoreactivity (D-Asp-LI) (Gundersen et al., 1993) . The spinal cords were therefore rinsed in 0.3 mM sodium acetate and treated for I hr with 2% uranyl acetate in 0. I5 M acetate buffer (pH 6.0) on ice, before dehydration in ethanol and embedding in Durcupan ACM. Semithin (0.5 km) and ultrathin (50-100 nm) sections were mounted on glass slides and nickel grids and processed with the antibodies according to a streptavidinbiotin-peroxidase (Hsu et al., 1981) and an immunogold method (Somogyi et al., 1986; Ottersen, 1987; 1989) . respectively. The following antisera were used (dilution semithin sections/dilution ultrathin sections): 482 D-Asp (1:500/1:200), 435 L-Asp (1:800/1:300), 03 L-Glu (1:500/1:100), and 286 Tau (1:3000/1:1500). The semithin sections were incubated with the antibodies overnight at 4"C, whereas the ultrathin sections were immunolabeled on one or both sides at 20-30°C for 3-4 hr. The antibodies were raised essentially as originally described (Storm-Mathisen et al., 1983) by immunizing rabbits against fixation complexes of the various amino acids coupled to bovine serum albumin by glutaraldehyde (antiserum 03) or glutaraldehyde-formaldehyde (antisera 482, 435, 286) in the same weight proportion (2.5: I) as for tissue fixation. All sera have been extensively characterized and proven highly specific: 482 (Gundersen et al., 1993; Zhang et al., 1993 ), 435 (Zhang et al., 1993 ), 03 (Ji et al., 1991 Davanger et al., 1994), 286 (Zhang and Ottersen, 1992; Amiry-Moghaddam et al., 1994) . In order to ensure that no cross-reactivity occurred, the antisera were preadsorbed by adding 0.2 mu of soluble glutaraldehyde-formaldehyde (G/F) complexes, to the diluted sera 3-12 hr before performing the experiments, as follows:
bodies; L-Asp-G/F and L-ghitamine-G/F to the L-Glu antibodies; and L-Glu-G/F and P-alanine-G/F to the Tau antibodies. Spec$city controls. As a specificity, control for each experiment sections with test antigens accompanied the semithin and ultrathin tissue sections. Briefly, different amino acids were reacted with brain macromolecules (i.e., chiefly protein) by glutaraldehyde or by a glutaraldehydti formaldehyde mixture, dialyzed, freeze dried, embedded in Durcupan, and sectioned at 0.5 pm or 50-100 nm (Ottersen, 1987 (Ottersen, , 1989 . The concentrations of fixed amino acids in the electron dense aggregates (Fig. I ) is about 100 mu (Ottersen, 1989) . Blocking experiments were performed by adding 0.3 mu of G/F complexes (Dale et al., 1986 ) of the amino acid used for immunization to the antisera before they were applied to the tissue sections and test sections. Spinal cords incubated without D-Asp served as an additional negative control for the D-Asp antibodies.
Graded test sections. In order to estimate the relationship between D-Asp immunogold particle density and antigen concentration in the tissue, graded test sections containing different concentrations of fixed D-Asp were run along with the ultrathin tissue sections. These conjugates were made by gelling slabs of 7% gelatin and 10% human serum albumin (HSA) between precision glass plates separated by 0.65 mm spacers. By use of a dissection microscope with a micrometer eye-piece blocks of rectangular shape and known areas were cut out of the slabs and incubated in 10% HSA at various concentrations of D-Asp (0, I, 3, IO, 30, 100, and 300 II~M) before immersing in the tissue fixative for I hr. These fixed blocks were thereafter subjected to the same treatment as the fixed tissue and finally embedded in Durcupan (see above). The concentrations of D-Asp in the conjugate slabs after fixation (but before embedding) (open arrows) were labeled. Reticulospinal axons (mu) and dorsal column axons (usterisks) were devoid of immunoreactivity. The section shown in D is some distance away from the one shown in A. B, Accumulation of D-Asp-L1 in glial processes (arrows) and glial cell bodies (open urrows) as well as in reticulospinal axons (ma) and dorsal column axons (asterisks) .
Note the lack of D-Asp staining of vesicle clusters, evident with the Glu antibodies (arrowheads in E). C, Note the absence of specific immunostaining of tissue not exposed to D-Asp. (The section was were determined by liquid scintillation counting using tracer amounts of D-'H-Asp. In this way the particle density in tissue compartments could be compared to those over the different D-Asp conjugates. In one experiment, graded L-Asp, L-Glu, and Tau sections prepared as described before (Ottersen, 1989) accompanied the tissue sections.
Sfructures studied.
Electron micrographs (Philips CMIO) at X6300 primary magnification (X47500 final) were taken from the ventral and dorsal parts of the spinal cord. Gold particles were counted over the following cellular components: (I) synaptic vesicle clusters of reticulospinal (Mtiller) axons and dorsal column axons, (2) axoplasmic matrix surrounding the vesicle clusters in the two types of axon, (3) dendrites postsynaptic to reticulospinal axons and dorsal column axons, (4) glial processes in contact with the synapses made by reticulospinal axons and by dorsal column axons, and (5) glial cell bodies. Reticulospinal axons and dorsal column axons were identified as described previously (Shupliakov et al., 1992 ; see also Peters et al., 1991) . In tissue incubated for IO hr, only axons containing D-Asp concentrations exceeding I mM (as estimated from the accompanying graded sections) were included in the study. Glial processes and cell bodies were identified by the presence of glial filaments.
The area of the defined tissue profiles and the glial process boundary length per profile area were determined by counting points and line intersections, respectively, using an overlay screen (Gundersen et al., 1988) . Particle densities over the various cellular and subcellular structures produced by the different antisera were calculated.
In tissue incubated with 50 pM D-Asp, gold particles were also counted over fascicles of filaments in glial processes surrounding reticulospinal axon and dorsal column axon synapses. The area occupied by filaments in the fascicles, the total fascicle area, and the area outside the filament fascicles in the processes were estimated by point counting (see above). The number of D-Asp immunogold particles was determined per filament area in the two types of glial process. All data were statistically evaluated by the Mann-Whitney II test (two tails).
Materials.
Uranyl acetate and Durcupan ACM were from Fluka (Buchs, Switzerland), glutaraldehyde (25%, EM and practical grade) and paraformaldehyde from TAAB (Reading, UK), and Soluene 250 and Hionic Fluor from Packard (Meriden). D-Aspartate and Tau were obtained from Sigma (St. Louis, MO). D-'H-Asp (30 Ci/mmol), antirabbit Ig (biotinylated Ig from goat), streptavidin-biotinylated horseradish peroxidase complex, and Auroprobe I5 GAR were purchased from Amersham (UK).
Results

Antibody spec$city
All antisera selectively labeled the test conjugate containing the amino acid against which the antiserum was raised ( Fig. 1 ; for semithin sections processed with the D-Asp antibodies, see inset in Fig. 4) . Furthermore, the addition of G/F complexes of the amino acid against which the serum was raised abolished the immunostaining of tissue and test sections. Tissue incubated without D-Asp did not display D-Asp-L1 in the light microscope (see Fig. 4B ), and only 0.7 + 0.1 gold particles/pm' (mean + SEM in five experiments) in parallel immunogold preparations. This value, recorded over neuropil in the dorsal and ventral cord, is similar to the background particle density over tissue-free resin.
Relationship between gold particle density and antigen concentration Labeling of sections containing a graded series of concentrations of the amino acids D-Asp (Fig. 2) , L-Asp, Glu, and Tau (not shown) demonstrated a nearly linear relationship between the antigen concentrations and the gold particle densities produced by the different antisera. As the slope may vary between the individual immunogold experiments (Fig. 2, filled circles vs open circles), the graded sections were only used to infer about the amino acid concentrations in the accompanying tissue sections. The labeling of the graded sections suggested that the D-Asp immunogold method as used here did not detect concentrations of fixed D-Asp in the tissue that were below 0.5-l mM.
Structural organization of synaptic regions of reticulospinal and dorsal column axons To determine the structural relation between the different elements in reticulospinal and dorsal column synapses 10 serially sectioned synapses of each type were analyzed. Figure 3 shows serial section reconstructions including the boundaries of dendrites and glial processes in the synaptic area of a dorsal column synapse (Fig. 3A,B ) and a reticulospinal axon (Fig. 3C,D) . The synaptic vesicle clusters are not included. In both cases, the synapses were formed between the main trunk of the axon and a protrusion from the postsynaptic dendrite, which could vary in shape from a thin spine-like structure to a small protuberance (sites of synaptic contacts are indicated by arrows). The synaptic clefts were surrounded by a collar of glial processes. Also, where several synapses were closely spaced, the individual active zones were separated from each other by glial processes (Figs. 3&D) . A similar organization of glial processes was observed at all synapses examined. (Fig. 6) showed that the density of gold particles was significantly higher in glial processes surrounding synapses of dorsal column axons than in those surrounding reticulospinal axon synapses both at 50 pM and 500 pM D-Asp. The particle density in the two types of process corresponded to concentrations of fixed D-Asp of about 5 mM and 4 mM, respectively, following exposure to 50 p,M D-Asp, and about 10 mM and 8 KIM following exposure to 500 FM D-Asp.
Short-term incubation with D-aspartate
To investigate whether differences in membrane surface per tween the two types of glial process, the process boundary lengths per area of profile were determined. There was no significant difference (average about 10 km-' in all cases).
Since glutaraldehyde causes amino acids to be retained by cross-linking them to proteins, variations in protein concentration could affect the labeling density. Indeed, individual glial profiles showed a positive correlation (r = 0.8, p < 0.01) between the density of glial filaments and the density of D-Asp immunogold particles within the filament fascicles. This cannot, however, explain the observed differences in labeling intensity between the two categories of glial profiles, as the average glial filament density was the same in both (data not shown).
Long-term loading with D-aspartate o-Aspartate-like immunoreactivity. To test whether axonal uptake could be detected after a longer incubation period, spinal cords were incubated with 500 FM D-Asp for 10 hr. Except for occasional swelling of glial cells, the morphology of these specimens was well preserved (Figs. 4B, 7, 8 ). After such long-term incubation, D-Asp-L1 appeared in reticulospinal and dorsal column axons. Light microscopic observations (Fig. 4B) showed that within the axons D-Asp-L1 was concentrated in small dots scattered throughout the axoplasm, and that there was no distinct accumulation of D-Asp-L1 corresponding to that observed for Glu-LI over vesicle clusters (compare Fig. 4B,E) . Electron microscopy revealed that the dots represented labeled mitochondria, and that synaptic vesicle clusters contained immunogold particles signalling D-Asp (Fig. 7) . However, the gold particle ratios (vesicle cluster:axoplasmic matrix) were only 2.6:1 for reticulospinal axons and 1.1: 1 for dorsal column axons (Fig. 9) . This difference can partly be explained by the fact that the latter clusters with a lower density of synaptic vesicles (0. Shupliakov and L. Brodin, unpublished observations). The gold particle densities in axoplasmic matrix and in synaptic vesicle clusters in reticulospinal axons represented of the order of 2 and 4 mM fixed D-Asp, respectively. About 50% of the free amino acids seems to be retained by the aldehyde mixture used in the present study (Storm-Mathisen and Ottersen, 1990) ; thus, the free D-Asp concentration in the axoplasmic matrix was of the order of 4 ITIM prior to fixation (see Discussion). Postsynaptic dendrites showed a similar labeling intensity as the axoplasmic matrix.
Long-term incubation with exogenous D-Asp led to an intense labeling of glial processes (Figs. 4B, 7) . The density of gold particles was significantly higher in glial processes around dorsal column synapses than in those surrounding reticulospinal synapses (Fig. 9) , as after I hr incubation, but the absolute labeling intensity was about two to three times higher. 4E) which, at the electron microscopic level, corresponded to vesicle clusters. The Glu particle density over synaptic vesicle clusters exceeded that in axoplasmic matrix by a factor of I7 in reticulospinal axons and by a factor of 5.6 in dorsal column axons (Fig. 9) .
The L-Asp antiserum produced similar labeling intensities in the reticulospinal axons as in the dorsal column axons, and synaptic vesicle cluster-like staining was not observed with the light microscope. Quantification of L-Asp-like immunoreactivity (LAsp-LI) gave ratios of gold particle density between synaptic vesicle clusters and axoplasmic matrix of 3.0 and I.9 in reticulospinal and dorsal column axons, respectively.
Glial structures were weakly stained both with the Glu and L-Asp antisera (Fig. 9) . The distributions of Glu-LI and L-Asp-LI in tissue incubated with D-Asp were the same as in tissue not exposed to D-Asp (not shown; cf. Shupliakov et al., 1992) . Graded sections indicated that the average concentrations of fixed endogenous L-Glu and L-Asp were of the order of I2 mM and 3 mM, respectively, in reticulospinal synaptic vesicle clusters, and I7 mM and 2 mM in dorsal column vesicle clusters (comprising vesicular and extravesicular space).
For comparative purposes, 500 FM Tau was added to the incubation medium together with 500 (LM D-Asp. Taurine was chosen, as it is utilizing different plasma membrane transporters than D-Asp (Balcar and Johnston, 1972) and at the same time it is not thought to be taken up into synaptic vesicles (Christensen et al, 1991) , nor thought to act as a transmitter in lamprey axons (Shupliakov et al., 1994) . As for D-Asp-LI. analysis of semithin and ultrathin sections showed that glial profiles were more strongly Tau immunopositive than were neuronal elements, and that Tau-LI was higher in glial processes contacting dorsal column axons than in those contacting reticulospinal axons. The Tau labeling showed a 2.5-fold accumulation over synaptic vesicle clusters in reticulospinal axons and a I .9-fold accumulation in dorsal column axons. These values can be used as an index of the difference in fixation efficiency between vesicle clusters and axoplasmic matrix. From the graded Tau sections the approximate concentration of fixed accumulated Tau in the different tissue compartments could be inferred (ITIM): axoplasmic matrix of reticulospinal and dorsal column axons (I .5), synaptic vesicle clusters of the two axon types (3). glial processes contacting dorsal column axon synapses (I 5) and glial processes contacting reticulospinal axon synapses ( 
Discussion
Validity of the present experimental approach The present electron microscopical observations, in conjunction with previous electrophysiological studies (for review, see Brodin and Grillner, 1990) , indicate that the isolated lamprey spinal cord preserves its integrity during prolonged incubation in vitro. (As lampreys normally live at temperatures down to 4°C most experiments on the isolated lamprey spinal cord are carried out at 5-10°C. Synaptic and network activities are normal within this temperature interval.) Moreover, the fine structure of the synapses appeared to be unaffected by exposure to high concentrations of D-Asp, which correlates with the maintenance of synaptic transmission under similar conditions in this system (Brodin and Grillner, 1985; Brodin et al., 1985) .
Model sections showed that the immunocytochemical signal was approximately proportional to the concentration of fixed D-Asp, and that even the higher D-Asp concentration used for incubation (500 pM) is below the limit of detection. The observed immunogold signal therefore cannot be due to mere diffusion of the tracer through disrupted membranes. Together with the finding that the D-Asp antiserum produced no labeling of tissue not exposed to D-Asp, these observations show that the immunocytochemical signal represents D-Asp accumulated by membrane transport.
To what extent are the present data applicable to the mammalian brain? Clearly, the lamprey spinal cord exhibits some unusual features, such as the lack of myelin and blood vessels, and the presence of large unbranched axons. On the other hand, the physiological properties of the glutamatergic synaptic response, as well as the pharmacology of glutamate receptors and transporters, are strikingly similar to those in mammals (Brodin et al., 1985; Brodin and Grillner, 1985, 1990) . We therefore find it reasonable to assume that the present data have implications for the function of the mammalian CNS (see also below).
Glial processes take up GluLAsp difSusely entering the extracellular space Bath application of D-Asp does not provide a model of synaptic Glu release, but rather mimics the diffuse efflux of Glu/Asp, which occurs during certain pathological conditions associated with Glu excitotoxicity (Croucher et al., 1982; Wieloch et al, 1985; Choi and Rothman, 1990; Mattson et al., 1990) . For instance, during ischemia, excitatory amino acids appear to be lost from all parts of the neuron and accumulate in glial cells (Torp et al., 1993) . (The reason why Glu is concentrated in glia under ischemic conditions could be that the conversion from Glu to glutamine by glutamine synthetase is inhibited due to lack of energy; under physiological conditions Glu is very low in glial ceils (see Storm-Mathisen et al., 1992) ) Our observation that exogenous D-Asp is predominantly taken up by glial processes suggests that astrocytes play the major role in curbing the extracellular level of Glu/Asp during such states.
Adding high concentrations of L-Glu, L-, or D-Asp to the medium produces little postsynaptic activation in the isolated spinal cord, unless the Glu/Asp uptake is suppressed (Brodin and Grillner, 1985) . This observation and the present data suggest that the synaptic cleft may form a distinct compartment in terms of excitatory amino acid uptake, separate from that formed (A) and Glu (B) antibodies. In order to find the same synapse in adjacent sections, the sections were mounted on formvar coated grids. Since only one side was exposed to the antibodies, the particle density was lower as compared to that in the sections in Figure 7 . Glutamate-like immunoreactivity is strongly concentrated over synaptic vesicle clusters (WC) compared to axoplasmic matrix (ux), whereas D-Asp-LI shows no accumulation. Note that the D-Asp antibodies produce enrichment of labeling over glial processes (K) and that these profiles are unlabeled with the Glu antiserum. Postsynaptic dendrites (d) are almost devoid of D-Asp-LI, but moderately Glu immunopositive. Scale bar, 0.2 km.
by the remaining extraceilular space. The glial collar, which represents the boundary between these two compartments, may through its avid uptake limit the access of extrasynaptic Glu/ Asp to the synaptic cleft. This may explain why axonal labeling with exogenous D-Asp occurs only after long time incubation with high tracer concentrations, assuming that the transporters are within or near the active zones. Such an arrangement should ensure that the activation of the postsynaptic receptors is strongly biased toward synaptically released Glu. The glial collar would also be ideally suited to prevent movement of Glu in the opposite direction, from the synaptic to the extrasynaptic compartments of the extracellular space. In other words, the task of the ghal collar is twofold: to impede access of extrasynaptic excitatory amino acids to the synaptic cleft and to take care of the synaptically released Glu that escapes uptake by presynaptic transporters. Glial processes also ensheath mammalian synapses (Peters et al., 1991) , suggesting that the present data are relevant over a wide phylogenetical range. The glial ensheathment is poorly preserved in acute mammalian slice preparations, which exposes the neuronal transporters in nerve endings to higher exogenous tracer concentrations than in an intact preparation. This may explain why acute slices display a predominant nerve terminal uptake after exposure to exogenous tracers (StormMathisen and Iversen, 1979; Taxt and Storm-Mathisen, 1984; Gundersen et al., 1993) .
Our results do not rule out the presence of a neuronal transporter in the lamprey spinal cord. On the contrary, there was labeling of axons after long-term incubation with high D-Asp concentrations. A previous investigation demonstrating retrograde transport of DJH-Asp in this preparation (Brodin et al., 1989 ) is in line with the idea that lamprey neurons possess uptake sites for Glu and Asp. Does glial uptake activity differ between synapses with different firing patterns? The present results indicate that uptake of excitatory amino acids is more efficient in the glial collar and processes surrounding the tonically active dorsal column synapses than in glial elements abutting on the phasically active reticulospinal axon synapses. This could imply that the glial uptake activity is tuned to the rate of transmitter release from the nearby synaptic sites and points to a novel regulatory role for Glu uptake.
The difference in labeling intensity between the two types of glial process could not be explained by differences in their surface to volume ratios (form factors) or filament protein contents. Nor could the difference be correlated to different distances of et al. and dorsal column axons were at similar distance from the surface of the preparation (see Fig.  4 ). 1983 , 1985 Maycox et al., 1988; Burger et al., 1989 Burger et al., , 1991 Fykse et al., 1992) . However, it is conceivable that the isolation procedures cause the vesicles to lose their uptake activity for Asp, or that the proportion of Asp-ergic projections i n the brai n is too low for vesicular Asp uptake to be detected biochemically. In fact, the rapid retrograde transport of D-'H-Asp (Baughman and Gilbert, 1980; Streit, 1980; Storm-Mathisen and Weld, 1981; Brodin et al., 1989 ) is suggestive of incorporation into synaptic vesicles or other organelles that are carried by the fast axonal transport system. It was therefore of interest to examine whether D-Asp is accumulated in synaptic vesicles in the intact synapse. According to the calibration curves, incubation with high concentrations of D-Asp at long times raised the nerve terminal concentration of D-Asp well above the K,,, value established for the Glu transporter in synaptic vesicles isolated from mammals and lower vertebrates (Tabb and Ueda, 1991) . This notwithstanding, the modest enrichment of labeling observed over synaptic vesicle clusters was quite the same for D-Asp as for Tau and could therefore be explained by the higher lixation efficiency provided by higher protein contents. The findings that the relative enrichment of D-Asp-L1 over synaptic vesicle clusters was more prominent in reticulospinal than in dorsal column axons can be explained in the same way (cf. Shupliakov et al.. 1992) . Further, the analysis of the electrically stimulated cord indicates that D-Asp does not gain access to the vesicles even during replenishment after synaptic release. Thus, we obtained no direct evidence for an active accumulation of D-Asp in synaptic vesicles.
Neither was there any indirect evidence of D-Asp uptake in synaptic vesicles, since the high level of Glu immunolabeling in vesicle clusters was not decreased by exposure to D-Asp. This means that D-Asp does not replace vesicular Glu to an extent that can be detected by immunocytochemistry.
The enrichment of Glu-LI over vesicle clusters further suggests that there is no general masking of antigenic sites in the vesicles.
The present data are in line with biochemical analyses of vesicular uptake and also agree with the reported failure to denonstrate exocytotic release of exogenous D-Asp from preloaded synaptosomes (McMahon and Nicholls, 1990) . They further indicate that the high speed of retrograde D-Asp transport cannot be attributed to a sequestration of the tracer in vesicles (see Brodin et al., 1989) . Rather, our tindings point to mitochondria as possible vehicles for retrograde transport, at least in the lamprey spinal cord.
The failure of the vesicles to accumulate detectable amounts of D-Asp seems to parallel a failure to accumulate endogenous L-Asp, as judged from the low level of L-Asp immunolabeling over vesicle clusters. This confirms the findings of Shupliakov et al., 1992 [based on osmium-treated material that gives less efficient labeling of L-Asp (Zhang et al., 1993) ]. Thus, Glu remains as the only likely transmitter in dorsal column and reticulospinal axon synapses.
We conclude that (1) glial uptake controls the level of excitatory amino acids in nonsynaptic parts of the extracellular space, suppressing diffusion of amino acids from this compartment into the synaptic cleft, (2) that the uptake activity in glial processes may be adjusted to the activity pattern of the nearby excitatory nerve endings, and (3) 
